A new soluble synthetic route was developed to fabricate thin films of layered structure transition metal dichalcogendies, MoS 2 and WS 2 . High-quality thin films of the dichalcogenides were prepared using new soluble precursors, (CH 3 NH 3 ) 2 MS 4 (M ‫ס‬ Mo, W). The precursors were dissolved in organic solvents and spun onto substrates via both single-and multistep spin coating procedures. The thin films were formed by the thermal decomposition of the coatings under inert atmosphere. Structural, electrical, optical absorption, thermal, and transport properties of the thin films were characterized. Surface morphology of the films was analyzed by atomic force microscopy and scanning electron microscopy. Highly conductive and textured n-type MoS 2 films were obtained. The measured room temperature conductivity ∼50 ⍀ −1 cm −1 is substantially higher than the previously reported values. The n-type WS 2 films were prepared for the first time using solution-processed deposition. WS 2 displays a conductivity of ∼6.7 ⍀ −1 cm −1 at room temperature.
I. INTRODUCTION
Solution-based deposition techniques, such as printing 1 and spin casting, 2, 3 have been well developed to fabricate thin-film transistors (TFTs). Spin-coating techniques have apparent advantages for fabrication of lowcost, flexible, and large-area devices and have been widely used to obtain uniform and continuous films. Most metal chalcogenide semiconductors exhibit poor solubility in common solvents, which limits the utility of solution-processed deposition. Recently, Mitzi et al. have demonstrated that by use of soluble precursors such as hydrazinium salts, binary metal chalcogenide TFTs (e.g., SnS 2 and In 2 Se 3 ) can be processed via spin-coating techniques. 2, 4 Transition metal dichalcogenides (TMDCs) are a group of inorganic materials with both fundamental and technological importance. They have been used in numerous applications, such as lubricants, catalysis, and solar cells. [5] [6] [7] It has been demonstrated that micro-and/ or nano-structures of TMDCs can be obtained from thermal decomposition of ammonium thiosalts at various temperatures. [8] [9] [10] Synthetic routes used to produce TMDC thin films include sulphurization, 11 electrodeposition, 12 sputtering/annealing, 13, 14 chemical bath depositions, 15 and thermal decomposition. 16 Most thin film fabrication methods mentioned above require high vacuum or high temperatures. Very little has been reported on solution-based deposition of Group-VI metal dichalcogenides. For example, spin-coated MoS x thin films have been reported only for tribological applications, 17 and to the best of our knowledge, no study has been reported on solution-processed tungsten dichalcogenide thin films. In this work, we report highly conductive n-type MoS 2 and WS 2 thin films obtained by a very simple solution process employing spin-casting techniques.
II. EXPERIMETNAL

A. Preparation of precursors
To prepare the soluble precursors, 1.5 mmol (NH 4 ) 2 MoS 4 (99.99%, Alfa Aesar, Ward Hill, MA) was dissolved in 1.2 ml methylamine (40 wt%, aqueous solution). The dark red clear solution was obtained with constant stirring in an argon atmosphere at room temperature. This solution was then dried in a vacuum oven overnight at room temperature. Dark red crystals of (CH 3 for a few seconds in air on a hot plate. This spin-casting sequence was repeated 5 times to improve continuity and uniformity of the surface. The MoS 2 thin films formed after a two-step calcination process (200°C for 1 h and 600°C for 2 h under N 2 ).
C. Preparation of the WS 2 thin films
To prepare WS 2 thin films, the (CH 3 NH 3 ) 2 WS 4 crystals (0.2520 g) were dissolved in 0.8 ml of hydrazine (98.5%, Alfa Aesar), deposited by a spin coater at 3500 rpm for 1 min onto SiO 2 /Si and dried at 60°C for a few minutes in air on a hot plate. The WS 2 thin films were formed after the same two-step calcination process described above. The crystallinity of WS 2 film was much improved, when hydrazine was used as a solvent after calcination. On the other hand, the WS 2 films show very broad powder x-ray diffraction (PXRD) peaks when synthesized in an ethylene glycol solvent.
D. Characterization of the thin films
PXRD was performed on all films using a Rigaku (Tokyo, Japan) D/M-2200T automated diffraction system (Ultima+). Single-crystal x-ray diffraction was carried out to determine the crystal structures of the both precursors with an Enraf-Nonius (Bohemia, NY) CAD4 diffractometer with graphite monochromated Mo K ␣ radiation at 293 K. Optical diffuse reflectance was measured by a Shimadzu (Kyoto, Japan) UV-3101PC double beam, double monochromated spectrophotometer at room temperature in the range of 250-2000 nm. Estimated band gaps were obtained by converting the data to the Kubelka-Munk function. 18 Thermogravimetric (TG) analysis of both precursors was performed on a TA Instruments (New Castle, DE) TG Q50 analyzer with a ramp rate of 5°C/min from room temperature to 600°C under N 2 atmosphere. Surface morphology of thin films was investigated on an atomic force microscope (AFM) (Q-scope 350, Quesant, Santa Cruz, CA) in the tapping mode. Film thickness was measured by scanning electron microscope (SEM; 6320F Field Emission Electron Microscope, JEOL, Tokyo, Japan). The temperaturedependent electrical resistivity of the films was obtained by the direct current (dc) four-point probe method using silver paint electrodes on the film surface in the temperature range of 25-300 K. Room-temperature conductivity and Hall effect measurements were made on a BioRad (Milpitas, CA) HL5500IU Hall system. Ohmic contacts were made to the films by pressing indium metal onto the surface of the films.
III. RESULTS AND DISCUSSION
A. MoS 2 thin films
The crystal structure of the (CH 3 NH 3 ) 2 MoS 4 precursor is shown in Fig. 1 . Compared with the starting material (NH 4 ) 2 MoS 4 , (CH 3 NH 3 ) 2 MoS 4 exhibits significantly enhanced solubility (up to 70% at room temperature, 1 atm) in the solvents used for film deposition and much improved morphology and crystallinity of films. Thermal decomposition of this precursor was performed from room temperature to ∼600°C by thermogravimetric analysis (TGA) under N 2 atmosphere. As seen in Fig. 2 , the final product was identified as MoS 2 after a 44.4% weight loss of organic component, which is in excellent agreement with the calculated value of 44.5%. Dissolved samples of precursors were drop cast and annealed on clean glasses and used for characterization of the structure and optical properties by PXRD and ultravioletvisible (UV-VIS) spectroscopy. Figure 3(a) shows the PXRD patterns of the thin film samples calcinated at (i) 450 and (ii) 600°C, respectively. They are compared with the PXRD of the 2H-MoS 2 taken from the ICDD database (ICDD 37-1492). 19 Clearly, films calcined at higher temperature (i.e., 600°C) show higher crystallinity and more preferred orientation corresponding to the (00l) plane. The shift of the first peak to a lower angle (∼0.2 Å) was also observed by Pütz et al. 17 The band gap was estimated to be 1.5-1.6 eV [ Fig. 3(b) ], slightly smaller than previously reported data for 2H-MoS 2 . 20 Film morphology is highly dependent on the choice of solvents, as well as the spin coating procedure. Depending on the solvent used and spin coating sequence, dramatically different grain morphology and surface coverage may result. As shown in Fig. 4(a) , when ethylene glycol was chosen as the solvent, spherical grains with an average size of ∼300 nm were formed by applying singlestep spin coating (with a standard deviation of ∼100 nm), while multistep process yielded a more continuous and well-connected film with significantly larger grain sizes [average size ∼1.8 m, Fig. 4(b) ]. Clearly, the thin plateshaped crystals have a preferential orientation of (00l), as seen in Fig. 4(b) . However, when hydrazine, a strong reducing agent, was used as the solvent, ellipsoid shaped grains (size ∼1m) were created in the MoS 2 films by multistep spin coating. In addition, films were discontinuous and inhomogeneous. As a result, the resistance of MoS 2 film was much higher with hydrazine (∼1.6 M⍀) than it was with ethylene glycol (∼1 K⍀). Ethylene glycol has a high viscosity (∼16 cp at room temperature) and good wetting ability. Moreover, it is favored over highly toxic hydrazine, because ethylene glycol is environmentally safe.
The resistivity of the films was calculated from sheet resistance by the four-point probe method with the film thickness of ∼70 nm, as shown in Fig. 5 , and was found to be ∼0.02 ⍀ cm at room temperature. This value is at least an order of magnitude smaller than the previously reported values. 15, [21] [22] [23] As shown in Fig. 6 , the resistivity slightly increases with an increase in temperature, indicating metal-like behavior. The metallic nature and low resistivity of these films may be attributed to high electron concentration obtained by Hall measurements (see Table I ), which is higher than that typically found in single crystals (10 16 to 10 17 cm −3 ). 24 In addition, as seen in the surface topology of the films shown in Fig. 4 , single-step spin coating resulted in small grain size and high grain boundary area and, consequently, higher resistivity (∼10 ⍀ cm). On the other hand, the films processed by multistep spin coating sequence show fewer grain boundaries and are highly continuous. As a consequence, their resistivity is significantly lowered by two orders of magnitude. Another possibility to explain high conductivity is that even though the film is primarily the crystalline MoS 2 phase, there maybe a small amount of impurity in the MoS 2 film (i.e., MoS 2±x ) from thermal decompositions that account for the increased conductivity. 25 Table I shows transport data on the films from the Hall effect measurements. The uncertainty in the values is about 10%. The Hall measurements indicate electron conduction in the MoS 2. While the MoS 2 film exhibits a higher conductivity, the carrier mobility is relatively low. Low mobility of the films could be explained by impurity scattering. 26 As shown in Fig. 3(a) , lattice distortion occurred at every peak position. Based on the lattice expansion equation ⑀ ‫ס‬ ⌬d/d o (d o is the d-spacing of the original lattice; ⌬d is the change in the d-spacing; ⑀ is the lattice expansion) 27 the lattice expansion of the (002) plane of the MoS 2 was calculated to be 1.5% at 600°C and 3.2% at 450°C. For the MoS 2 films, this lattice distortion may arise from carbon impurities, as previously reported.
17
B. WS 2 thin films
The crystal structure of (CH 3 NH 3 ) 2 WS 4 is isostructual to that of (CH 3 NH 3 ) 2 MoS 4 (Fig. 1) . Its thermal decomposition properties were also analyzed by TGA under inert nitrogen atmosphere. The final product was a mixture of WO 3 and WS 2 because tungsten oxide is more stable than molybdenum oxide based on their free anthalpy data. 27 To avoid WO 3 , the WS 2 films were processed under a flow of hydrogen/argon at 600°C. The PXRD pattern of a typical WS 2 thin film is shown in Fig. 7 in comparison with that of 2H-WS 2 bulk (ICDD 08-0237). 19 In general, the peaks are broad, possibly due to relatively poor crystallinity. Average particle size of the films was estimated to be ∼100 nm. It has been reported that highly crystalline WS 2 may be achieved by thermal decomposition of ammonium tetrathiotungstate at very high temperatures (over 1000°C). 29 The first diffraction peak also shifted slightly to a lower angle, as in the case of MoS 2 . Optical absorption experiments revealed a very weak absorption. The optical band gap of WS 2 film was consistent with the reported value of 1.3 eV. 20 The AFM image of a WS 2 film is shown in Fig. 8 . Uniform and continuous films were obtained by a singlestep spin coating procedure because multistep spin coating did not lead to uniform surface of WS 2 films as in the case of the MoS 2 . Thus, surface morphology is again strongly case dependent. The average thickness of the films is ∼50 nm, as shown in Fig. 9 . Temperature dependence of the electrical resistivity was measured and plotted in Fig. 6 . The WS 2 films show a typical semiconductor behavior. The resistivity of the film was found to be ∼0.15 ⍀ cm at room temperature, which is lower than that of WS 2 films synthesized by other techniques. 11, 14, 30 Because of low carrier mobility, the Hall measurement on WS 2 films has some uncertainty, but the thermal probe does indicate the films are n-type.
IV. CONCLUSION
In summary, we have developed a simple, efficient, and low-cost solution-processed deposition route to fabricate MoS 2 and WS 2 thin films by using soluble precursors via the spin-coating technique. Surface morphology, such as grain size and continuity of the films, was directly influenced by the choice of organic solvents used to dissolve the precursors, as well as spin-coating sequences. Morphological changes affected the conductivity of the films. Highly conductive and textured n-type MoS 2 thin films were achieved by multi-step spin casting using ethylene glycol as the solvent. The n-type WS 2 thin films were fabricated using soluble precursors via singlestep spin coating.
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